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Transient Recorder in Time-of-Flight Mass Spectrometer 

RAnKGROU^ n np THF INVENTION 

Technical Field 

is invention relates generally to transient recorders for time array detection 
flight mass spectrometry, and more particularly to an integrating transient 
incorporating methods of operation and apparatus for determining ion 
^tensities only at expected arrival times of ion peaks within one or more transients. 

/I 2. Discussion 

1Q since the earlier part of the twentieth century, mass spectrometry has been 

a vital tool for the analyst.and the scientist. This technique utilizes the understanding 
that neutral molecules can be ionized and, when in a vacuum, the resulting ions can 
be manipulated by electric and magnetic fields and detected with great sensitivity. 
The response of an ion to the magnetic and electric fields is dependent on the 
1 5 mass-to-charge ratio of the ion so that the ions of a specific mass-to-charge ratio can 
be detected and the number of ions at each of many mass-to-charge ratios can be 
determined. 

Mass spectrometers are classified on the basis of the way in which the ions 
of differing mass-to-charge ratios are distinguished from each other. Magnetic sector , 
20 mass spectrometers separate ions of equal energy on the basis of their momentum 
as they are deflected or dispersed in a magnetic field. Quadrupole mass filters 
isolate ions based on their rate of acceleration in response to a high frequency RF 
field in the presence of a DC field. Ion cyclotron and ion trap mass spectrometers 
separate ions based on the frequency or dimensions of their resonant oscillations in 
25 AC fields. Potentially the simplest of all mass discriminators, time of flight mass 
spectrometers, separate ions based on the velocity of ions of equal energy as they 
travel from an ion source over a fixed dimension to a detector. 

In the time of flight mass spectrometer the neutral molecules are ionized in 
high vacuum in an ion source. Subsequent to ionization, a packet or bundle of Ions 
30 (i.e., an ion source extraction) is synchronously extracted with a very short voltage 
' pulse. The ions within the ion source extraction are accelerated to a constant energy 
and they then traverse a field-free region. During this time the ions separate from one 
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another on the basis of their velocity. The difference between the instant of detection 
for any ions in a source extraction and the instant of their extraction from the source, 
is exactly timed. From this time of flight information the mass-to-charge ratio of a 
particular ion can be readily determined if the energy of acceleration and the distance 
5 travelled of the ion are known. For a linear field-free time of flight mass spectrometer, 
the simple relationship KE = 1/2 mv 2 is used to derive equations that will calibrate the 
mass-to-charge ratio of the ions that are detected. Even in the presence of retarding 
or reflecting electric or magnetic fields, the times of arrival for all ions can be readily 
calculated based on knowledge of the mass-to-charge values of only two ions and 
10 their exact arrival times at the detector. 

Although relatively simple and straightforward in design and concept, the time 
of flight mass spectrometer has been limited in applications due to the failure to take 
advantage of the very high rate at which information is generated at the detector 
Because ions having different mass-to-charge ratios may be present in each ion 
source extraction, they will strike the detector at different times depending upon their 
velocities. The detector output signal is then made up of a sequence of ion arrival 
responses where the square of the arrival time is related to the mass-to-charge ratios 
of the detected ions. In order to reduce the effects of the energy variations of the 
ions and to increase the sensitivity of detection, relatively high accelerating potentials 
are commonly used (in the range of from 1 ,000 to 3,000 volts). The speed of the 
resulting ions, when accelerated by these potential differences, is quite great and 
hence, the time between the arrival of ions of sequential mass-to-charge ratios is very 
short, generally less than one microsecond. Within a few hundred microseconds 
after initiating the ion source extraction, even the heaviest ions of interest (i e ions 
hav,ng the lowest velocities) will have arrived at the detector. Thus, the detector 
signal comprises a very brief "transient" containing a series of pulses where the 
individual amplitudes and pulse times correspond to the number and mass-to-charge 
ratios of the ions within the. ion source extraction. The first time of flight instruments 
utilaed exclusively oscilloscopes with variable persistence in order to observe the 
transient signal produced by repetitive ion source extractions. Since this was 
essentially an empirical method; it required a reasonably constant sample pressure 
.n the ion source during measurement and. even with photographs of the resulting 
oscilloscope traces, calibration and quantitation of the ions was exceedingly difficult 
An alternate recording method of readout was developed that utilized the 
concept called time slice detection (TSD). In this concept, a type of boxcar integrator 
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is utilized. A time delay is placed between Wo time of the extraction pulse which 
generates the ion source extraction and the gating (i.e., initiating operation) of the 
detector circuitry . £ The detector circuitry is typically gated (i.e., "turned on") for a very 
brief period (2-15 nanoseconds) which represents approximately a portion of the 
5 variation in the arrival times for ions of a single mass-to-charge ratio at the detector. 
Accordingly, a "snap-shot" of the detector activity over a short, specific time interval, 
. after the extraction pulse, is produced. Slowly varying the time delay in the initiating 
operation of the boxcar integrator over many successive extractions allows a "scan" 
across all potential ion arrival times; This progressively increasing time delay 
10 throughout the region of all of the arrival times of the ions requires from 2 to 10 
seconds to produce the desired mass-to-charge versus the relative ion abundance 
across the mass-to-charge range of 2 to 800. Typically, the detected information is 
fed to an analog recorder where a permanent record of ion abundance (i.e., ion 
quantity) versus time (i.e., mass-to-charge) is obtained. Since the inception of time 
1 5 of flight mass spectrometry, measurements of the oscilloscope trace and/or time slice 
detector devices have dominated the read-out mechanisms. ;■ •* 

A variation of time slice detection allows the ion peak measuring system to be 
activated by the event itself (i.e., an ion or ions striking the detector). This form of 
detection is generally known in the art as time-to-digital conversion. In this method 
20 of data collection, a counter associated with each arrival time window is incremented 
when an ion arrives within that window with the assumption that no more than one 
ion is involved for each window. This approach is employed in situations where very 
little amounts of sample are used and the measurements are made over long periods 
of time employing ionization methods designed to produce only a single ion most of 
25 the time. Multiple time storage actions can be accomplished during a single transient 
enabling several single ion events to be recorded for each transient. 

Several approaches have been employed to improve the efficiency of the data 
collection processes for time of flight mass spectrometers. These include the use of 
more than one box car integrator, with each being triggered to the extraction pulse 
30 and each integrating the ion current over a separate time "slice". In this manner, up 
to eight or more individually measured points may be made subsequent to each ion 
source extraction. These points may be fixed in their delay time corresponding to 
ions having specific, predetermined mass-to-charge ratios. In this manner, a 
technique called selected ion monitoring (SIM) is realized whereby the collection 
35 process for a small number of ions of varying mass-to-charge ratios is made quite 
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efficient. This mode, however, only works in situations where the sample 
constituency is either known or anticipated so that full spectral information may be 
sacrificed. Time slice detection has two serious drawbacks: it is relatively slow in 
the generation of the scans and only a fraction of the data or information striking the 

5 detector is saved and utilized. Thousands of source extraction pulses may be 
required to acquire the information that is inherent in each detector output transient. 
Two major advantages of time of flight mass spectrometry, its rapid generation of 
spectral information and its high efficiency of ion utilization, are thus obviated by time 
slice detection. As a consequence, various devices have been developed for Time 

0 Array Detection (TAD) in which all of the information in an individual transient may be 
captured and stored. These devices are called transient recorders or digital transient 
recorders. 

With transient recorders or digital transient recorders, a bank of high speed 
registers is filled sequentially in time with the information from the detector during the 

5 course of a single transient. The time access is dependent upon the digitizing rate 
of a dedicated analog-to-digital converter (ADC) and is usually in the 100 MHZ to 1 
GHz range. The information from multiple transients may be continuously summed 
in a high speed summing memory register bank in a time locked mode for a preset 
number of transients, at the end of which time the register bank will contain 

0 information sufficient for the production of a single mass spectrum. These 
approaches have been used in many successful applications where the sample 
introduction has been static. Their major drawback is that once the memory bank 
has been filled, data collection must be suspended while the data are transferred to 
other memory or to a computing device. Indeed, in several devices, data collection 

5 is continuously interrupted by the summing within the storage memory itself. These 
processes limit the rate at which new transients can be accepted. With all known 
devices, this rate limitation results in the use of only a small fraction of the potentially 
available sample data. These gaps in the collection process make this approach 
totally unusable for applications such as chromatography where the continuity of the 

) time axis must be maintained. However, time array detection has found widespread 
utility in situations where ions can be created in time dependent or time controlled 
modes, such as by laser ionization, with a low repetition rate pulsed laser. 

For chromatographic and other time dependent applications, a far more 
efficient approach involves the use of a device called an integrating transient recorder 

> (ITR). This device is capable of digitizing data at a rate sufficient to capture all of the 
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Information (i.e., the complete ion source extraction) from each and every extraction 
of a high repetition rate ion source. Subsequent transients are summed in a locked 
time registry in one of two memory banks until a summation or integration period is 
reached. This summation process yields several benefits. It is a linear summation 
5 (i.e., unweighted) and hence the sum file itself can be used as a single file of ion 
intensity versus time which is transformed to ion intensity versus mass-to-charge ratio, 
and is stored as a mass axis scan file, commonly referred to simply as a spectrum. 
These data accurately represent the ion population existing in the source over the 
integration time. Since the moment of extraction is the same for all ions having 

10 various mass-to-charge ratios, there is no skewing of the relative ion intensities as a 
function of the mass-to-charge ratio which in other types of mass spectrometers is 
caused by changes in sample concentration in the ion source during the time 
required to scan through the desired range of mass-to-charge ratios. Additionally, 
sequential summation increases both the signal-to-noise ratio and the ultimate 

1 5 sensitivity of the measurements. Finally, the summation process itself acts as a time 
shift mechanism allowing the information within the transient to be collected at a very- 
high frequency and the resulting summed transient spectrum files to be transferred,: 
processed and stored utilizing the electronic circuitry and bus structure of a typical 
high speed computer system. The integrating transient recorder described above is. 

20 the subject of U.S. Patent No. 4,490,806, issued December 25, 1 984, and was the first 
device of its kind to enable continuous time array detection in time of flight mass 
spectrometry. The disclosure of U.S. Patent No. 4,490,806 is hereby incorporated by 
reference just as if same were fully set forth herein. 

The presently preferred implementation of the integrating transient recorder 

25 described above makes use of a 200 megasamples per second, 8-bit flash 
analog-to-digital converter. The synchronized A/D converter output data is stored in 
two banks of high-speed emitter-coupled logic memory (ECL). Successive transients 
are summed in a locked registry in one bank while the other bank is simultaneously 
being read out into the data bus for subsequent processing and storage. After a 

30 desired operator-selectable number of transients have been summed in one bank, 
the spectrum file information iritis read out while the other bank, which has been 
cleared, is now used to collect the incoming data. Thus, data collection is 
continuous over an indefinitely long time. This technique allows all of the information 
in every transient to be used in the creation of subsequent spectra. Additionally, 

35 since only 10 transients need to be summed in the typical time of flight mass 
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spectrometer (10,000 extractions per second) in order to.creach levels that can be 
processed by other than high speed ECL logic, the integrating transient recorder 
described above is capable of creating and processing up to 1 ,000 spectrum files per 
second. In typical operation, approximately only 20-25 spectra per second are 
adequate to follow the temporal variations in the analyte composition of the 
transients. 

While the above described integrating transient recorder has proved to be a 
significant success, the recorder itself is physically large and its ECL logic consumes 
a fair amount of power which necessitates a built-in air conditioner. It is very 
complex, somewhat expensive to build, and quite sophisticated in its operation. 

Accordingly, it is a principal object of the present invention to provide an 
integrating transient recorder apparatus and method for time array detection in time 
of flight mass spectrometry, for continuously and without interruption acquiring, 
collecting and processing the information present in an ion extraction source, where 
all of the ion source extraction is captured and utilized in the generation of spectra 
with considerably less complicated and less expensive physical components than 
heretofore accomplished. More specifically, it is a principal object to accomplish 
detection of each ion peak within a transient by generating information only at the 
precise times at which ion peaks within a transient are expected to be arriving at a 
detector, to thereby greatly reduce the amount of information utilized from the 
detector while still detecting every ion peak present in the transient. 

It is another object of the present invention to provide an integrating transient 
recorder apparatus and method for time array detection in time of flight mass 
spectrometry in which the apparatus incorporates means for forming a plurality of 
delta-mass tables which each include a plurality of predetermined time delays 
corresponding to the varying mass-to-charge ratios of ions within the ion source 
extraction, which predetermined time delays are controllably applied to initiate 
operation of integrating and/or peak detection circuitry at the expected arrival times 
of ions within the ion source extraction, and further only for a predetermined time 
30 duration. 

It is yet another object of the present invention to provide an integrating 
transient recorder apparatus and method which compensates for mass defects in the 
masses of ions within said ion source extraction such that operation of an integrator 
or peak detection circuit of said apparatus is initiated in accordance with a modified 
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time delay to thereby compensate for the variance in the anticipated arrival time of 
the Ions introduced by the mass defect. 

It is yet another object of the present invention to provide an integrating 
transient recorder apparatus which includes a first integrator or peak detector circuit 
5 responsive to ion peaks within a transient where the ions have only odd numbered 
mass-to-charge ratios, and a second integrator or peak capture circuit which is 
responsive only to ions having an even mass-to-charge ratio, and where each of the 
first and second circuits includes independent analog-to-digital, converters, 
independent buffers, and independent digital signal processors. 

10 It is yet another object of the present invention to provide an integrating 

transient recorder apparatus having a plurality of integrators responsive to a transient 
generated by an ion source extraction pulse, where operation of each of the 
integrators is turned on only at predetermined times of arrival of a limited number of 
ion peaks within the transient, and further where the operation of the integrators is 

15 initiated sequentially, one at a time, by a multiplexer control circuit. 

. It is yet another object of the present invention to provide an integrating 
transient recorder which is not only capable of determining ion intensity, but also 
determining the time of arrival of ions at a detector after applying a source extraction 
pulse. - : 

20 It is still another object of the present invention to provide a new 

analog-to-digital converter for use with the integrating transient recorder apparatus 
thereof which expands the range of measurement capability of an otherwise 
conventional 8 bit analog-to-digital converter, automatically, depending on the 
magnitudes of the ion peaks of each incoming transient. 

25 SUMMARY OF THE INVENTION 

The above and other objects are provided by an integrating transient recorder 
apparatus and method for time array detection in time of flight mass spectrometry in 
accordance with preferred embodiments of the present invention. 

The apparatus generally includes detector means for detecting the arrival of 
30 ions within an ion source extraction and generating an output signal indicative of the 
intensity of the ions and means for turning on a signal capture circuit only at the 
precise time at which each individual m/z in packet in the transient has been 
calculated to arrive at the detector means, and maintaining the capture means turned 
on only for a predetermined time window sufficient in duration to separately capture 
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ratios. Each of the capture circuits is further turned on only for a predetermined time 
window sufficient to enable the entire ion peak to be detected. In this embodiment 
an optional scan FIFO buffer may also be coupled to outputs of the digital signal 
processors for alternately reading the contents of each, storing the contents of both 
5 as a plurality of spectrum files therein, and outputting the spectrum files over an 
input/output bus to a computer. 

In yet another alternative preferred embodiment of the present invention an 
integrating transient recorder apparatus is disclosed for performing ion peak 
integration in the digital domain. This embodiment incorporates a tracking 
1 0 analog-to-digital converter which digitizes analog ion peak information by the use of 
a digital up/down counter clocked at a frequency in the GHz range and a 
digital-to-analog (D/A) converter responsive to the output of the digital up/down 
counter. 

In still another alternative preferred embodiment of the present invention, an 

1 5 integrating transient recorder apparatus is disclosed which incorporates a very high 
speed flash analog-to-digital converter circuit to enable integration (summation) of 
each m/z peak in the digital domain. This embodiment includes an analog-to-digital 
converter which generates a digital representation of the incoming ion soured 
extraction signal. An output of the analog-to-digital converter is applied to a first input 

20 of a digital summer. An output of the digital summer is then applied to a second 
input of the digital summer. In this manner digital integration of ion peaks having 
predetermined mass-to-charge ratios is accomplished in the digital domain, the 
resulting sums being then applied to a FIFO buffer for subsequent processing. 

In still another alternative embodiment of the present invention an integrating 

25 transient recorder apparatus is disclosed which sums ions from successive transients 
having similar mass-to-charge ratios in the analog domain. With this embodiment 
each one of a plurality of integrators are made operational in sequential fashion, and 
only after predetermined time delays corresponding to the expected times of arrival 
of ions having predetermined mass-to-charge ratios. 

30 In still another preferred embodiment of the present invention, an integrating 

transient recorder apparatus is disclosed in which the presence of a peak of an ion 
signal within a transient is detected by a threshold detector. With this embodiment, 
capture of ion intensity is initiated without the use of any predetermined time delays. 
Instead, capture is initiated when a peak of an incoming ion packet is detected by the 

35 threshold detector circuit. In this embodiment, the times of arrival of all m/z ion 
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packets above threshold are also measured. This embodiment further includes a 
differentially driven zero crossing detector circuit for detecting exactly when the center 
of the peak ion signal occurs. 

In yet another alternative preferred embodiment the apparatus includes circuit 
means for multiplexing both the analog input and the digital output of an 
analog-to-digital converter such that the range of measurement of the 
analogic-digital converter is automatically increased or decreased depending on the 
magnitude of each ion peak signal being detected. The range of measurement 
control is accomplished in part by selectively gating the input of the analog-to-digltal 
converter to one of a variety of fixed gain analog circuits by means of a multiplexer 
circuit having an address register controlled by intensity signal level comparators 
This same address register controls a gating circuit that directs the digital output of 
the A/D converter in a manner that increases the range (i.e., length of output word) 
without altering the precision of (i.e.. significant bits) in the^output word. Accordingly 
this dynamic range expansion by dual multiplexing functions is accomplished without" 
any software overhead and without any loss of timing. 



BRIEF DESCRIPTION OF TH F DRAWINGS 
The various advantages of the present invention will become apparent to one 
skilled in the art by reading the following specification and subjoined claims and by 
20 referencing the following drawings in which: 

Figure 1 is a block diagram of an integrating transient recorder apparatus in 
accordance with a preferred embodiment of the present invention; 

Figure 2 is a timing diagram of the operation of the apparatus of Figure 1 ; 
Figure 3 is a schematic diagram of the capture circuitry of the present 
25 invention; 

Figure 4A is a block diagram of a tracking digital-to-analog converter which 
may be used with the embodiments of Figures 1 and 3 to provide integration of Ion 
peak intensities through digital means; 

Figure 4B is a block diagram of a flash analog-to-digital converter and 
summing circuit for integrating ion peak intensities through digital means; 

Figure 5 is a block diagram of an integrating transient recorder apparatus in 
accordance with an alternative preferred embodiment of the present invention 
showing the modularity of the present invention by use of a pair of capture circuits 
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ceach including their own analog-to-digital converters, their own input FIFO buffers, 
and th^<tyvn gigjJ.al sigqql processors; 

Figure 6 is a block diagram of an alternative preferred embodiment of the 
* "v.^.*it ImferiYlon illustrating a plurality of independent integrator circuits for 
.; \: illation of a plurality of m/z Ion peaks from sequential ion source extractions 
$T ^gh analog manipulation thereof; 

^Figure 7 is a block diagram of an alternative preferred embodiment of the 
: i $sent inventi6h utilizing signal threshold and zero crossing detectors for initiating 
> the measurement of ion intensity levels and concurrently the time of arrival of ions not 
6/ having predetermined mass-to-charge ratios; 

Figure 8 is a block diagram of an apparatus for increasing the range of 
measurement of the analog-to-digital converters of the preferred embodiments of 
Figures 1 -7, automatically in accordance with the output from the analog-to-digital 
converter with which it is used; and 
1 5 Figure 9 is a block diagram of a system in which the apparatus of the present 

invention may be used. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 
Referring to Figure 1, there is shown an integrating transient recorder 
apparatus 1 0 for time array detection in time of flight mass spectrometry. The 
apparatus 10 generally includes an input 12 which is coupled to an input 14a of a 
capture circuit 1 4 and an input 1 5 of a mass defect detector circuit 1 6. An output 
14b of the capture circuit 14 is coupled to an input 18a of an analog-to-digital 
converter 18. A memory device 20 containing a plurality of delta-mass tables 
(referred to hereafter simply as the "delta-mass tables 20") is coupled in 
communication with the mass defect detector 1 6 via an output 20a and an input 20b, 
and further between the differentiator circuit 1 6 and the analog-to-digital converter 
(hereinafter WD converter) 18 via outputs 20c and 20d, respectively. 

An output of the analog-to-digital converter 1 8b is coupled to an input 22a of 
a first input FIFO buffer 22 and an input 24a to a second input FIFO buffer 24. Each 
of the buffers 22 and 24 include an output 22b and 24b f respectively, which are 
coupled to inputs 26a and 26b, respectively, of a digital signal processor 26. An 
output of the digital signal processor 26c is in turn coupled to an input 28a of an 
output FIFO buffer 28. An output 28b of the output FIFO buffer 28 is coupled to an 
external computer through a conventional input/output bus. 
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The capture circuit 14, as will be described more fully momentarily, represents 
circuitry which may either integrate each incoming ion signal within an ion source 
extraction (hereinafter referred to as a "transient 11 ) or, alternatively, may comprise peak 
detection circuitry for detecting the peak of each ion signal within the transient 
5 With the apparatus 1 0 of the present invention, it is a principal advantage that 

operation of the capture circuit 14 is not initiated until the calculated time of arrival 
of each ion, and then only for a user predetermined (but variable) data collection time 
window. This is accomplished by use of the delta-mass tables 20. The delta-mass 
tables 20 include a plurality of predetermined time delays corresponding to the 

10 expected (i.e., calculated) times of arrival of each and every ion peak within a 
transient having a specific mass-to-charge ratio. In time of flight analysis, the exact 
determination of arrival time for all masses requires only the exact flight times for two 
ions having known . mass-to-charge ratios. A formula which may be used for 
determining the arrival time of all masses (and thus every ion within a transient) may 

15 be represented as follows: 

1 measure = * offset + KiTM/z 

where t measure ec l ua| s the time of arrival for an ion having a predetermined 
mass-to-charge ratio, where t offset equals the increment between when an ion 
source extraction pulse is generated and when the actual ion extraction occurs. K 

20 equals a constant representing the time domain introduced by dimension of the 
measurement equipment and the nature and strengths of the electric fields applied, 
and where m/z equals the mass-to-charge ratio of the ion. 

Prior to any analysis, the apparatus 10 is precalibrated. This may involve use 
of an accurate time base oscilloscope to determine the time offset (t offset) and slo P e 

25 (K) constants for a given set of instrumental parameters by the application of the 
above equation to two known m/z's. The determined constants are valid for all data 
collected under operating conditions where the instrumental parameters remain 
unchanged. On the basis of the above equation, the arrival times of all ions having 

SUBSTITUTE SHEET (RULE 28) 
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sequential mass-to-charge ratios throughout the spectrum being analyzed can be 
calculated. 

These calculated arrival times are offset by an amount equal to one-half of the 
time of the predetermined data collection time window during which the capture 
5 circuit 1 4 is activated so that the peak of each ion will fall approximately in the center 
of its associated data collection time window. The difference between the offset peak 
arrival times for ions having successive mass-to-charge ratios are then calculated and 
used to create a plurality of predetermined time delays which form the delta-mass 
tables 20. Thus, the second time delay applied will represent the time increment from 

10 the beginning of the data collection window during detection of the first group of 
incoming isomass ions to the time at which the capture circuit 1 4 is again turned!on 
to detect the next group of incoming isomass ions, and so forth for each successive 
ion peak within a transient. The time delay values in the delta-mass tables 20 are 
accurate to the nearest two nanoseconds. 

1 5 The data collection time window mentioned above represents a user settable 

time interval, preferably within a range of about 40-70 nanoseconds, during which the 
capture circuit 14 is turned on. By offsetting the calculated arrival times of ions by 
an amount equal to preferably one-half of the data collection window time interval, the 
full magnitude of each ion signal can be captured by the capture circuit 14. 

20 By determining the precise time of arrival for each ion within the transient, and 

only turning on the capture circuit 1 4 at the precise time of arrival for each ion the full 
spectrum of mass intensity information can be obtained while enabling the capture 
circuit 14 to generate significantly less data than would otherwise be generated if the 
capture circuit 14 were active during the times that no ions were arriving at the 

25 capture circuit 1 4. By this manner of data acquisition, which has been termed by the 
inventors as "mass mapped acquisition", typically only about 500 data points (i.e., 
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points at which an ion peak is expected) over a transient need to be taken rather 
than typically about 20,000 data points taken by prior systems that sample the 
transient at a large plurality of evenly spaced data points (e.g., every 5ns), in an effort 
to detect every ion peak in the transient. Thus, the mass mapped acquisition system 
described herein typically reduces the number of data conversions required by the 
A/D converter 18, and thus the amount of data generated, by one or two orders of 
magnitude. This, in turn, allows considerably less expensive and less powerful 
processing and storage hardware to be used without sacrificing performance and 
resolution of the mass spectrum analysis. 

With further regard to Figure 1 , the mass defect detector 1 6 will be discussed. 
Initially, it should be understood that the mass defect detector 16 corrects for the 
"shift- in actual ion arrival times caused by the mass defect of molecules being 
measured by applying compensation factors to the calculated time values stored in 
the delta-mass tables 20. The mass defects, as will be understood by those of 
ordinary skill in the art, arise from deviations from integer values in the atomic masses 
of various elements. For example, carbon has been assigned an atomic mass of 
12.000. All other atomic masses are related to the mass of this element; they are 
nearly integer values, but not exactly. For example, the mass of hydrogen is 1.005 
and oxygen is 15.997. These deviations from integer values are known as "mass 
defects". Mass defects can be positive (i.e., greater than the integers) such as for 
hydrogen or a negative (less than the integer value) such as for oxygen. Small 
molecules present little problem in the determination of exact arrival times of ions 
having varying masses. For larger molecules, however, the cumulative summation 
of mass defects may interfere greatly with the accurate determination of exact arrival 
times of ions within the ion source extraction. When all of the atoms within a heavier 
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organic molecule are summed, the difference between the actual mass and the 
calculated mass using the integer values are called the "molecular mass defect 11 . 

The correction applied by the mass defect detector 16 is based on two 
assumptions: 1) different ion fragments resulting from the same molecule will have 
5 similar mass defects, and 2) the molecules can be assigned in their mass defect to 
one of at least four classes. The four classes are "normal", "slightly positive", 
"moderately positive" and "slightly negative". This creates four classifications for 
which determinations can be made to yield four independent delta-mass tables, which 
are referred to collectively by reference numeral 20 in Figure 1 . Since the objective 

10 of high-speed, medium resolution mass spectrometry has traditionally been nominal 
mass accuracy, the use of the appropriate table results in mass assignments 
sufficiently accurate to accomplish the objective of correcting for deviations fronrhthe 
calculated arrival times for all ions. In this manner, the mass defect detectorj16 
insures that the capture circuit is turned on at precisely the proper times so that every 

1 5 ion peak will fall at the approximate midpoint of the data collection window. It will be 
appreciated by those' skilled in the art, however, that there is no limit to the number 
of delta-mass tables that may be employed if more than four are desired. In practice, 
the number of tables used will depend on the size of the data collection window and 
the resolution needed. 

20 The mass defect detector 16 (Figure 1) of the present invention includes a 

differentiator 16a, a comparator 16b t a threshold signal source 16c, a first counter 
16d, a data collection window timer 16e f an edge timing comparator 16f, a second 
counter 16g, and a processor 16h. The data collection window timer 16e receives 
a signal from the delta-mass table 20, which has been selected by an output of the 

25 processor 1 6h. 
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With further reference to Figure 1 , a description of the overall operation of the 
apparatus 10 will now be provided. Initially, an ion source extraction pulse is applied 
to generate an ion source extraction which will subsequently generate a transient 
waveform at the ion detector which is fed to the capture circuit 14. At the instant the 
5 ion source extraction pulse is applied, the delta mass table in concert with the master 
clock will cause an initial time delay which corresponds to the calculated arrival time 
of the lightest of the Ions of interest to be applied before turning on the capture 
circuit 1 4 for the first group of incoming isomass ions. The capture circuit 1 4 acts to 
determine either the summed total intensity of ions having the first predetermined 
1 0 mass-to-charge ratio, or alternatively, the peak ion signal of all ions having the first 
predetermined mass-to-charge ratio. 

The capture circuit 1 4 is turned on just prior to the arrival of the lightest ions 
of interest for the predetermined data collection time window which, as described 
above, is preferably in the range of about 40-70 nanoseconds. More specifically, the 
1 5 capture circuit 1 4 is turned on before the calculated arrival time of ions having the 
first predetermined mass-to-charge ratio by about 20-35 nanoseconds (i.e., 
approximately 1/2 the total time of the data collection window) so that the incoming 
ion peaks will each be approximately centered within their data collection time 
windows. 

20 During the time that the capture circuit 14 is turned on, the differentiator 16a 

of the mass defect detector 16 simultaneously receives the arriving signal and 
differentiates this signal to produce signals representative of the slopes of the ion 
peaks thereof. The differentiated signals are output to the comparator 16b which 
compares the rising edge of the differentiated signals against a threshold signal from 

25 the threshold signal source 1 6c. Whenever the differentiated signal exceeds the 
threshold signal the comparator 1 6b generates an output signal to the first counter 
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16d and to the edge timing comparator 16f. The first counter thus contains a count 
of the number of ion peaks whose derivative is above the predetermined threshold 
signal from the threshold signal source 1 6c. 

The differentiated signals from the comparator 16b are simultaneously 
5 received by the edge timing comparator 1 6f and compared against a signal from the 
data collection window timer 16e. The signal from window timer 16e Is generated 
after the first half of the data collection time window has expired. An output from the 
edge timing comparator 1 6f is generated each time an Ion peak arrives during the 
second half of the data collection time window. The output of the comparator 16f Is 

1 0 input to the counter 1 6g f which accumulates, in real time, a running count of the total 
number of ion peaks arriving during the second half of the time window throughout 
a designated portion of the transient waveform. If the processor 1 6h determines tfiat 
an overwhelming majority of ion peaks are occurring in the second half of the tirhe 
collection windows, then for the next transient it will cause a delta-mass table to be 

15 employed that will contain increased time delays between the successive data 
collection windows, to thereby "shift" the data collection windows such that each 
window is approximately centered over each of the incoming ion peaks. Conversely, 
if the majority of ion peaks are determined to be occurring in the first halves of the 
data collection windows, then a delta-mass table with shortened time delays between 

20 successive data collection time windows will be used for the next transient. This will 
cause the data collection windows to be shifted such that each occurs slightly prior 
to the previously calculated arrival times for the ion peaks. In this manner, by 
keeping the calculated times of arrival congruent with the actual times of arrival the 
full magnitude of each of the ion peaks is always obtained. 

25 In each data collection window that has been opened, the capture circuit 14 

generates an analog signal at its output 1 4b which represents the intensity of ions 
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within the transient which have the predetermined mass-to-charge ratio for that 
window. This output is transmitted to the input 1 Ba of the A/D converter 1 8. The A/D 
converter 18 is preferably an 8-bit A/D converter although it will be appreciated that 
A/D converters providing either greater or lesser resolution may be used depending 
5 upon the requirements of a specific application. 

The output 18b of the A/D converter 18 is a series of successive 8-bit digital 
signals (i.e., "words") each of which is representative of the ion intensity of an ion 
peak captured by the capture circuit 14. This 8-bit number is transmitted either to 
input 22a or input 24a of the first or second input FIFO buffers 22 and 24, 

10 respectively. The input FIFO buffers 22 and 24 subsequently store the digital 
information from the A/D converter 1 8 for alternate, complete transients. Each buffer 
22 and 24 operates as a first-in-first-out buffer and each is addressed (i.e., read out) 
by the digital signal processor 26 in alternate fashion on alternate transients. 
Accordingly, while the information from a complete transient in first input FIFO buffer 

15 22 is being read out the second input FIFO buffer 24 will be filled with data from the 
next transient. Subsequently, the second input FIFO buffer 24 will be read out by the 
digital signal processor 26 while the first input FIFO buffer 22 begins filling with data 
from the next successive transient. In this manner there is no interruption in the data 
collection processes caused by the digital signal processor 26 on the information 

20 output from the A/D converter 1 8 and processing throughput is maximized. 

As the digital signal processor 26 reads out the input FIFO buffer 22 or 24, the 
information stored in either buffer is processed in real time by the digital signal 
processor 26 to sum the integrated or peak ion signals of ions within successive 
transients having the same mass-to-charge ratios in a m/z locked registry therein. 

25 Summation of the ion intensities of all of the m/z values in successive transients over 
a user-determined number of transients produces a file representative of a single 
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mass spectrum. Repetition of the summation processes creates successive spectra, 
contiguous in time and continuous in operation, without interruption or loss of 
information. Accordingly, the apparatus 1 0 enables time array detection techniques 
to be employed in time of flight mass spectrometry with maximum utility for 
5 continuously varying samples. 

Referring to Figure 2, a timing diagram is shown illustrating the relationship 
between numerous waveforms during detection within a particular transient. The 
transient is represented by waveform 30 having a first ion peak 30a, a second ion 
peak 30b and a third ion peak 30c. Also illustrated in relation thereto is a master 

1 0 clock pulse train 32, an extraction pulse 34, a waveform indicating the pre-time period 
36, a "coarse" time waveform 38, a Tine" time waveform 40, a waveform 42 indicating 
the data collection time window, and a waveform 44 indicating the on-time of the;A/D 
converter 18 (Figure 1). 

At the time an ion source extraction pulse 34 is applied, the pre-time delay is 

15 applied which corresponds to the initial time delay between the time when, the 
extraction pulse is first applied and when the first (i.e., lightest) ions of interest reach 
the detector. At the end of the pre-time period, for which there will be only one for 
each ion source extraction, a divide down clock generates a "course" pulse 38a 
which, in turn, is used to synchronize operation of a "fine" divide down clock. The 

20 fine divide down clock generates an extremely reproducible (from 1 ns-20ns) clock 
signal which is used to trigger a one-shot multivibrator, which in turn is used to cause 
the capture circuit 14 to become operational. The capture circuit 14 is turned on for 
the time interval 42a, which represents the first data collection time window. Upon 
expiration of the time interval 42a, the A/D converter 1 8 is turned on, as indicated by 

25 time interval 44a. From Figure 2 it should be appreciated that the data collection time 
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Circuit 58 includes a comparator 60, a digital up/down counter 62 and a 
digital-to-analog (D/A) converter 64. The digital counter 62 is clocked at a very high 
frequency, p^ferably at about one GHz. The comparator 60 receives the incoming 
ion signals on its non-inverting input and outputs a digital signal, for example, a logic 
5 high level signal, whenever the transient exceeds the signal applied back to the 
inverting input of the comparator 60. As the digital counter 62 is clocked, a count is 
generated therein. The count is output as a digital signal to the digital-to-analog 
converter 64 which converts the digital signal into a representative analog signal 
which is applied to the inverting input of the comparator 60. As the magnitudes of 

10 the ion peaks applied to the non-inverting input of the comparator 60 increase and 
decrease, the circuit 58 "tracks 11 the ion peaks of the transient. Accordingly, the 
digital signal in the counter 62 is incremented or decremented depending upon the 
changing magnitude of the ion intensity signal. The digital signal in counter 62 is 
also fed via an output 66 to a limited size, high speed digital summing register, such 

15 as a digital summing register 74, shown in more detail in Figure 4B and discussed 
in more detail momentarily. Accordingly, the integration of the ion peak currents may 
be performed in digital fashion. 

If incrementing only is allowed to be performed by counter 62 within a single 
data collection window, the resulting count in the counter 62 after a single ion peak 

20 of the transient has passed will be a digital representation of the peak ion intensity 
which is output to the input FIFO buffers 22, 24 shown in Figure 1. Thus, peak 
detection of the incoming ion peaks is performed digitally, in real time, as opposed 
to by analog techniques. 

Referring now to Figure 4B, yet another circuit 68 is shown in accordance with 

25 another alternative embodiment of the capture circuit 14 which performs integration 
of the ion intensities in the digital domain rather than the analog domain. Circuit 68 
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includes an amplifier 70, a high speed flash analog-to-digital (A/D) converter 72 and 
a limited Size High speed digital summer 74. The transient is received at the input 12 
before being amplified by the amplifier 70. The high speed flash A/D converter 72 
generates a digital representation of each of the instantaneous ion currents within the 
5 transient which is being detected. This digital signal is transmitted to the digital 
summer 74. The digital summer 74, in turn, sums the successive digital signals 
generated by the high speed A/D converter 72 within the confines of each data 
collection window. The digital summer circuits may be directed to output either the 
sum (integration) or maximum (peak current) digital signal subsequent to the end of 

1 0 each data collection window. Thus, with either of the embodiments of Figures 4A and 
4B, integration of peak intensities can be accomplished in the digital domain by 
immediately converting the incoming analog ion signals into representative digital 
signals. The output signal of each of the circuits 58 and 68 represents a single 
maximum value indicative of either the peak ion intensity or the integrated Ion 

15 intensity for each group of ions having the same mass-to-charge ratio. 

Referring now to Figure 5, an apparatus 78 in accordance with an alternative 
preferred embodiment of the present invention is shown. The apparatus 78 is similar 
to the apparatus 10 of Figure 1, with the principal exception of a dual approach 
involving two independently controlled capture circuits 80 and 82. Capture circuit 80 

20 is controlled so as to become operational only upon the arrival of ions having odd 
numbered mass-to-charge ratios. Capture circuit 82, however, is controlled to 
become operational only during the arrival of ions having even numbered 
mass-to-charge ratios. Capture circuit 80 includes its own A/D converter 84, its own 
input FIFO buffer 86 and its own digital signal processor 88. Accordingly, all of the 

25 information processing of the information generated by the capture circuit 80 is 
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controlled without regard to the arrival of Ions having even numbered mass-to-charge 
ratios. 

In a similar manner, the capture circuit 82 includes its own A/D converter 90, 
its own input FIFO buffer 92 and its own digital signal processor 94. Thus, 

5 processing of the information from the capture circuit 82 takes place independently 
of the arrival of ions having odd numbered mass-to-charge ratios. Each of the digital 
signal processors 88 and 94 transmit their output to a scan file FIFO output buffer 96 
which subsequently outputs same to an external computer which merges the files into 
a complete spectrum file. Alternately, a third digital signal processor may be 

10 incorporated into this embodiment to merge, the two files into single complete 
spectrum file prior to transfer to an attending computer system for processing and 
output. The processing of information from each of the capture circuits 80 and 82 
by their corresponding components is identical to that described in connection with 
Figure 1 . 

1 5 With further reference to Figure 5, the apparatus 78 includes memory means 

for storing a plurality of delta-mass tables 98, mass defect detection circuitry 100, a 
time of flight trigger 1 02, and a system clockAiming circuit 1 04. The delta-mass tables 
98 and mass defect detection circuitry 100 are identical to the delta-mass tables 20 
and mass defect detector 16 of the apparatus 10 of Figure 1. The time of flight 

20 trigger 102 preferably comprises a conventional trigger circuit for initiating the ion 
extraction pulses. The system clock/timing circuit 1 04 controls the time of flight 
trigger 102 to provide a means by which the operation of the mass mapped 
acquisition and the mass defect detection circuit 100 can be synchronized to the ion 
source extraction pulse. 

25 In operation, the capture circuits 80 and 82 are made operational alternately 

just prior to the expected arrival times of ions having even and odd numbered 
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mass-to-charge ratios. While the capture circuit 80 is detecting the intensity of ions 
having an odd number mass-to-charge ratio, capture circuit 82 is turned off. 
Subsequently, capture circuit 80 is turned off and capture circuit 82 becomes 
operational just prior to the expected arrival time of a group of ions having an even 

5 number mass-to-charge ratio. While capture circuit 82 is operational, the information 0 
generated by capture circuit 80 is processed by components 84, 86 and 88 and 
transmitted to the output FIFO buffer 96. Subsequently, the capture circuit 80 will 
again be turned on just prior to the expected arrival time of the group of ions having 
the next odd number mass-to-charge ratio. While capture circuit 80 is operational, 

1 0 the information generated by capture circuit 82 is processed by components 90, 92 
and 94 and transmitted to the output FIFO buffer 96. This dual capture approach 
provides adequate timing for even the high-mass range where the ion peaks are in 
closest proximity to each other. The use of two input FIFO buffers 86 and 92 
maximizes system throughput because while one buffer is being filled, the other is 

15 being read out by its associated digital signal processor. The asynchronous nature 
of the sequential operations of loading the input FIFO buffers 86 and 92, and the 
unloading and processing by the digital signal processors 88 and 94, enables 
continuous operation of the apparatus 78 for very long periods of time without loss 
of data. While many heretofore developed data systems are only able to obtain one 

20 to two scans per second, the apparatus 78 can yield 50-200 or more scan files per 
second. 

In applications where even greater resolution is desired or a smaller mass 
range is covered within the data collection window, the apparatus 78 readily enables 
modular expansion of additional capture circuits to facilitate same. For example, an 
25 alternative embodiment of the apparatus of Figure 5 could be readily constructed 
which incorporates an even larger plurality of capture circuits sufficient to enable the 
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collection of, for example, 10 or more points across each and every ion peak within 
a transient. Driven by suitable delta-mass tables, this configuration would yield a 
mass axis resolution analogous to that of the quadrupole or single focusing magnetic 
sector mass spectrometers. The fractional mass dependent data obtained by this 
5 apparatus and technique could then be subjected to centroiding or other 
mathematical processing to gain fractional mass resolution sufficient for applications 
such as electrospray mass spectrometry where ions having multiple charges are 
encountered. Additionally, if narrow peak data collection windows are used, real time 
profiles of the mass spectra may be produced with this mode of operation. 

10 Referring now to Figure 6, there is shown yet another integrating transient 

recorder apparatus 1 06 in accordance with another alternative preferred embodiment 
of the present invention. The apparatus 106 operates in analog fashion to sum (i.e., 
integrate) ions having similar mass-to-charge ratios for succeeding incoming 
transients. The apparatus 106 is preferably used whenever ions having a limited 

1 5 number of different mass-to-charge ratios are desired to be measured, rather than the 
continuous mass spectrum. 

The apparatus 1 06 consists of a plurality of boxcar integrators 1 08, 1 08' and 
108". It will be understood immediately, however, that a greater or lesser number 
of integrators 108 could be used to suit the needs of specific applications and that 

20 the illustration of three boxcar integrators has been shown merely to illustrate that a 
plurality of integrators can be controlled sequentially to provide analog summing of 
similar mass-to-charge ratio ions. 

The apparatus 106 further includes amplifiers 110, 110' and 110" for each 
integrator 108 t 108' and 108", respectively. Each integrator 108, 108' and 108" 

25 is further coupled to an analog-to-digital control and multiplexer select circuit 110 
through control lines 110a, 110b and 110c which controls switches 112a, 112b and 
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112c, respectively. nft<second plurality of switches 114a, 114b and 114c are further 
eentrolledfvta-lihes 116a, 116b and 116c, respectively, by the del^wnass tables 
. icirqattryK1t€ enabling the boxcar integration timing function. 

In operation, each boxcar integrator 108,. 108' and 108" is turned on by a 
:ignal from its corresponding control line 11 6a, 1 1 6b, 1 1 6c at an appropriate time In 
:ecordance with a predetermined time delay value from the delta-mass tables 116, 
which controls the opening and closing of switches 114a, 114b and 114c. 
Accordingly, each boxcar integrator 108, 108', 108" only receives ions having a 
predetermined mass-to-charge ratio. Each of the boxcar integrators 1 08, 1 08', 1 08" 

m we further controlled by the multiplexer select circuit 1 1 0, which causes the output 
of each integrator 108, 108', 108" to be transmitted to an A/D converter 118 by 
controlling the opening and closing of the appropriate switch 112a, 112b, 112c. 

Ions having a first expected time of arrival (i.e., a first mass-to-charge ratio) are 
input to the integrator 1 08 by closing switch 1 1 4a shortly before their expected time 

15 of arrival. The same mass-to-charge ion packet from successive transients are 
introduced into the integrator by the boxcar action for a preset number of transients 
and for a preset amount of time. The integrated signal generated by integrator 108 
is then output to the A/D 11 8 by closing the switch 1 12a. At this time switches 1 1 4b, 
1 14c and 112b, 112c are all open. 

20 Prior to the anticipated arrival time of the next selected m/z ions, switches 

1 1 4a and 1 14c are opened while switch 1 1 4b is closed by the signal on line 1 16b. 
The ions in successive transients arriving at the second anticipated arrival time are 
input to the integrator 108' again over the preset number of transients and the 
integrated output thereof is transmitted to the A/D converter 118 when switch 112b 

25 is closed. Prior to the anticipated arrival time of the third group of ions, switches 
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114a, 114b and 112a, 112b and 112c are open and switch 114c Is closed by the 
appropriate signal on line 1 16c. 

Ions arriving at the third anticipated time of arrival are integrated by the boxcar 
integrator 108" again over the preset interval of successive transients and 

5 transmitted to the A/D converter 1 1 8 through the subsequent closure of switch 1 12c, 
Accordingly, as succeeding transients progress, the analog signals being captured 
for each selected group of ions are integrated or summed, providing an output that 
is the sum of the multiple input analog ion peaks. Since the masses to be measured 
are preselected, the results of digitization will furnish the information for the 

10 generation of a partial mass spectrum consisting only of the ions having the selected 
mass-to-charge ratios. From this point, this partial mass spectrum will be processed 
in a manner analogous to the other preferred embodiments described herein. #£' 

Referring now to Figure 7, an "Ad Ub" transient recorder 120 is shown in 
connection with another alternative embodiment of the present invention. With this 

15 apparatus, the data collection window is initiated by detection of the incoming ion 
peak, in contrast to the other preferred embodiments described herein which initiate 
the data collection window in accordance with predetermined time delays from the 
delta-mass tables. 

The apparatus 120 generally comprises a time delay circuit 122, an integrator 
20 124 or an optional peak capture circuit 126, an A/D converter 128 and an input FIFO 
buffer 130. An incoming transient is further directed to a differentiator 132 which 
provides signals representative of the instantaneous rate of change of each of the ion 
peaks being received. The output of the differentiator 1 32 is input simultaneously into 
a threshold detector 134 and a zero crossing detector 136. The outputs of the 
25 detectors 134 and 136 are gated via an AND-gate 138 to a timing circuit 140. The 
timing circuit 140 includes a clock 142 for generating a clock pulse applied to a 
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buffer 1 48. The latched count indicates the precise arrival time of each incoming ion 
peak. After the Integrator 124 or optional peak capture circuit 126 Is turned on, the 



tt% output in the input FIFO buffer 130. Likewise, the counter will be latched by the 

/V 

/ latch 146 when the threshold detector 134 and zero crossing detector 136 
0 " concurrently provide signals to the AND-gate 138. Thus, the clock FIFO 148 will 
10 contain a digital value (preferably at least a 16 bit digital word) representative of the 
time of arrival of the ion being detected. 

With the apparatus 120 of Figure 7, the measured times read out frormthe 
clock FIFO buffer 148 will preferably be converted into mass-to-charge values 
subsequent to the spectrum generation. It is expected that this embodiment will be 
1 5 used whenever the mass range to be scanned is very great and, secondly, when Ions 
of charge greater than one are encountered. Such ions present themselves as 
non-nominal masses which cannot be calculated prior to data collection as can be 
done when a charge on the ion is equal to one. 



20 first mode, in which nominal mass resolution is desired, the summing of the individual 
ion peaks from subsequent transients will be made using peak time clock values 
which are created by ignoring the last three significant bits of the digital signal from 
the clock FIFO buffer 148. This enables high speed time array detection. A second 
operational mode is utilized when ions with a charge greater than one are 

25 encountered. In this situation, each cluster of arrival times of individual ions from 
successive transients will be averaged to yield a final 16 bit value for the arrival time 




the integrator 124 (or the peak capture circuit 126) and temporarily stores 



The apparatus 120 of Figure 7 may further be operated in two modes. In the 
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of the ions in that particular group. This value will subsequently be translated into an 
exact mass (plus or minus .1 amu) which, in combination with other exact masses 
obtained from the same molecular fragment with different charges, is used In 
subsequent mathematical correlation programs to calculate the actual mass and 
5 charge of the ion being measured under the conditions of multiple charge. In the 
Ad-Ub mode the apparatus 120 utilizes all of the features of the previous 
embodiments described herein with the exception of substituting for the 
predetermination of arrival times the concept of peak detection as the controlling 
determinant of the beginning point of the data collection window and the data 

1 0 collection process. In situations where a limited mass range is to be examined, the 
clock storage feature of the Ad Lib embodiment 120 of Figure 7 can be implemented 
using the hardware of the embodiments of Figures 1 , 5 and 6 and the utility of the 
FIFO buffer expanded by automatically incrementing the FIFO buffer address as a 
continuous "event clock", with the buffer storing the intensity value in a buffer location 

1 5 appropriate to the time of arrival of the measured ion transient 

Referring now to Figure 8, there is shown an apparatus circuit 150 for 
increasing the range of measurement of a standard A/D converter such as that used 
in the preferred embodiments disclosed herein. The apparatus 150 automatically 
expands the range of measurement capability of a standard A/D converter depending 

20 on the magnitude of the gain of the analog input to the A/D converter. 

The apparatus 150 generally includes a first amplifier 154 having a unity gain, 
a second amplifier 156 having a gain of four and a third amplifier 158 having a gain 
of sixteen. Outputs from each of the amplifiers 1 56-1 58 are output independently to 
an associated comparator 160, 162 and 164. Outputs of the comparators 160-164 

25 are input into a range control circuit 166. The range control circuit 166 has three 
control outputs 166a, 166b and 166c which each control independent switches 168, 
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170 and 172 in series with the outputs of the amplifiers 154-158. Selective closing 
of one of the switches 168-172 couples its associated amplifier output with the A/D 
converter 152. 

The output of the A/D converter (for example, an 8-bit analog-to-digital 
5 converter) 152 is input Into a range select gating circuit 174 having, for example, a 
12-bit output 174a. A range select data output 176 from the range control circuit 166 
is input to the range select gate 174 for controlling which of bits 0-11 of the 12-bit 
output word are coupled to the output of the A/D converter 152. 

In operation, each ion peak in the incoming transient is amplified by each one 

10 of the amplifiers 154, 156 and 158 and a comparison made between each amplified 
ion peak and a reference signal on the non-inverting input of each one of the 
comparators 160, 162 and 164. For example, when the first incoming ion peak has 
a magnitude, after being amplified by amplifier 1 58 that is not sufficient to exceed the 
reference signal on the non-inverting input of comparator 160, the range control 

15 circuit 166 outputs a signal on control line 166c which causes switch 172 to remain 
closed. Closure of switch 172 couples the output of the highest gain amplifier 158 
to the input of the analog-to-digital converter 1 52 while switches 168 and 170 remain 
open. Thus, the A/D converter 152 receives the first incoming ion peak which has 
been increased in gain by a factor of 16. The A/D converter 152 generates an 8-bit 

20 digital output representative of the analog Input it receives. This output is caused to 
be coupled to outputs 174ao - 174a 7 by a signal from the range control circuit 166 on 
range select data control line 176. Accordingly, an 8-bit digital word is generated 
from the 8 bit output of the A/D converter 152. 

Subsequently, if an incoming ion peak is received which has a magnitude, 

25 after being amplified by the amplifiers 154-158, sufficient to exceed the reference 
signal of comparator 1 60 but not that of comparator 1 62, the range control circuit 1 66 
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Those skilled in the art can now appreciate from the foregoing description that 
the broad teachings of the present invention can be implemented in a variety of 
forms. Therefore, while this invention has been described in connection with 
particular examples thereof, the true scope of the invention should not be so limited 
5 since other modifications will become apparent to the skilled practitioner upon a 
study of the drawings, specification and following claims. 
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WHAT IS CLAIMED IS: 

1*.. Apparatus for detecting a plurality of ion peaks within at least one 
transient' In time of flight mass spectrometry, said transient being generated In 
response to an Ion source extraction pulse, said apparatus comprising: 
5 signal detector means responsive to said ion peaks for detectincpeach 

of said ion peaks and generating an output signal indicative of the intensity of each 
of said ion peaks; 

means for turning on said signal detector means only for a data 
collection time window beginning just prior to an expected arrival time of each said 
1 0 ion peak; and 

means for processing said ion peaks to generate a mass spectrum file 
indicative of intensities of said ion peaks. 

2. The apparatus of claim 1, further comprising mass defect detector means 
for monitoring an actual arrival time for each said ion peak at said signal detector 

1 5 means and causing said data collection time window to be shifted in accordance with 
said actual arrival time of each said ion peak such that each said ion peak falls within 
an approximate center of said data collection time window. 

3. The apparatus of claim 2, wherein said mass defect detector means 
comprises a plurality of delta-mass tables, each said table containing a plurality of 

20 time delay values for causing said signal detector means to be turned on at times 
slightly prior to said expected time of arrival of each said ion peak depending on a 
mass defect of said ion peak, to thereby cause each said data collection time window 
to be shifted such that each said ion peak falls completely within one of said data 
collection time windows. 
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4. The apparatus of claim 2, wherein said means for processing said ion 
peaks comprises means for successively summing said ion peaks of successive 
transients having similar mass-to-charge ratios; and 

means for storing said summed Ion peaks having similar 
5 mass-to-charge ratios in a time locked registry to create a mass spectrum file. 

5. The apparatus of claim 1, wherein said signal detector means 
comprises a capture circuit for detecting each said ion peak and generating digital 
signals representative of the intensity of each said ion peak. 

6. The apparatus of claim 1, wherein said signal detector means 
10 comprises a capture circuit for detecting each said ion peak and generating analog 

signals representative of the intensity of each said ion peak. 

7. The apparatus of claim 1 , wherein said means for processing said ion 
peaks comprises means for analog summing of ion peaks having similar 
mass-to-charge ratios of successive transients and generating an analog signal in 

1 5 accordance with a summed intensity of said ion peaks having similar mass-to-charge 
ratios. 



8. The apparatus of claim 1 , wherein said means for processing said Ion 
peaks comprises means for digitally summing ion peaks having similar 
mass-to-charge ratios of successive transients and generating a digital signal in 
20 accordance with a digitally summed intensity of said ion peaks having said similar 
mass-to-charge ratios. 
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.. . 9- Apparatus for detecting a P , U ra.ity of ion peaks within at least one 
.transient in time of flight mass speotrometry, said transient being generated In 
.TNMIP an ion source extraction pulse, said apparatus comprising: 

capture circuit means responsive to said ion peaks for detecting each 
of said ion peaks in real time and generating an output s.gna. indicative of the 
laities of said ion peaks, where, each said ion peak has a predetermined 
.mass-to-charge relationship; . 

means (or turning on said capture oirouit maans juat prior to a 

predatamtined^aotarrivaiotaachaaidionpaaKataaidoa^raaYouitmaana and 
10 .or maintaining aaid oaptura ci,cu» means turnad on only to, a predefined data 
collector time window thereatte, such M sa id capture oirouit means ia ganara»ng 
aaid oulput aignaia oniy a. timea during which aaid ion peaks ara expected «o b. 
arriving at aaid capture circuit maana: 

analog-tc-digital convaraion meana raaponaiva to aaid output eignae 
.5 of aaid capture circuit maana for prodding a digita, output in accordance with aaid 
output aignais ot said capture circuit maana. aaid digitat oufou, comprising digita, 
representations ot the intensities ot each said ion peak; 

a Brs, input FIFO bulla, responsive to said digital output of said 
enalog-to-digita, convene, means fo, tempore,,* etodng aaid digita, output o, aaid 
20 analog-to-digital converter means; 

a aecond input FIFO butfa, responsive to seid analog-to-digital 
convene, » m fo, tempore,!* stohng digita, aald output o, aaid analog-to^igita, 
converter means; 

digital signal processing meana responsive to aaid first input FIFO 
2* buff., and said second input FIFO butte, fo, reading ou, and pressing M digits, 
signala from aaid n,s, input FIFO while aaid digits, output of aald analog to digital 



WO 95/00236 PCT7US94/06892 

-37- 

conversion means is being loaded into said second input FIFO buffer, for reading out 
and processing second digital signals from said second input FIFO buffer while said 
digital output of said analog-to-digital conversion means is being loaded into said first 
input FIFO buffer, and for successively summing selected ones of said first and 
5 second digital signals which are representative of similar mass-to-charge ratios in a 
time locked registry to generate a mass spectrum file* 



10. The apparatus of claim 9, wherein said capture circuit means 
comprises circuit means for detecting the peak of each said ion peak within each 
said transient. 

10 11* The apparatus of claim 9, wherein said capture circuit means 

comprises circuit means for integrating each of said ion peaks. 

12. The apparatus of claim 9, wherein said means for turning on said 
capture circuit means comprises means for storing a plurality of predetermined time 
delay intervals, each said interval being associated with an expected time of arrival 

15 of a particular one of said ion peaks having a particular mass-to-charge ratio to 
thereby cause said capture circuit means to be turned on just prior to said 
predetermined time of arrival of said particular ion peak. 

13. The apparatus of claim 12, further comprising mass defect detector 
means for monitoring the arrival of said ion peaks at said capture circuit means and 

20 for shifting said predetermined time window to cause each said ion peak to fall within 
an approximate midpoint of said window, to thereby compensate for variations in 
actual arrival times of said ion peaks caused by mass defects. 
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14. The apparatus of claim 9, further comprising an output FIFO buffer 
responsive to said output of said digital signal processing means for temporarily 
storing a mass spectrum file generated by said digital signal processing means. 



15. The apparatus of claim 9, further comprising means for automatically 
5 increasing the range of measurement of said analog-to-digital conversion means in 

response to the magnitude of each one of said ion peaks. 

16. The apparatus of claim 15, wherein said means for increasing the 
range of measurement comprises: 

a plurality of independent amplifiers each having a different gain and 
10 being responsive to said ion peaks; 

a plurality of comparators each responsive to a common 
predetermined reference threshold signal and an output of an associated one of said 
amplifiers; 

a range control circuit responsive to an output of said comparators for 
15 producing a corresponding plurality of switch control signals and a range select 
signal dependent on an intensity of each said ion peak; 

a plurality of switches each associated with an output of a single one 
of said amplifiers and responsive to said switch control signals, said switches each 
coupling a selected one of said amplifier outputs to said analog-to-digital conversion 
20 means in response to a particular one of said switch control signals; and 

range select multiplexer means for receiving an output from said 
analog-to-digital conversion means and said range select signal and generating in 
response thereto a corresponding digital word having a greater bit length than said 
output of said analog-to-digital conversion means. 
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17. Apparatus for detecting a plurality of ion peaks within at Jeast one 
. *?fansternein time -of flight mass spectrometry, said transient being generated in 
* r.Yt; jodnse tor an ion source extraction pulse, said apparatus comprising: 

Jrrr . capture circuit means responsive to said ion peaks for providing a 
roes of analog output signals relating to the intensity of each said ion peak; 

means for turning on said capture circuit means at at least one 

l 

\ -^determined time during the arrival at said first capture circuit means of each said 
pion peak within said transient, and for maintaining said capture circuit means turned 
only for a predetermined time window sufficient to completely capture at least a 
10 portion of each said ion peak; 

mass defect detector means for monitoring said arrival of said Jon 
peaks at said capture circuit means and for shifting said window in time to 
compensate for variations in the actual arrival times of said ion peaks caused by 
mass defects such that said ion peaks are received at approximately a midpoint of 
1 5 each said window; 

analog-to-digital converter means responsive to analog output signals 
from said capture circuit means for generating a corresponding series of digital 
signals representative of the intensities of said ion peaks; 

a first input FIFO buffer responsive to said digital signals of said 
20 analog-to-digital converter means during a first received one of said transients for 
temporarily storing said digital signals therein; 

a second input FIFO buffer responsive to said digital signals of said 
analog-to-digital converter means for temporarily storing said digital signals therein; 

digital signal processing means responsive to both said first input FIFO 
25 buffer and said second input FIFO buffer for reading out said first input FIFO buffer 
while said second input FIFO buffer is being loaded with said digital signals, and for 
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reading out said second input FIFO buffer while said first input FIFO buffer is being 
loaded with said digital signals, and for generating a mass spectrum file indicative of 
the intensities of all of said ion peaks. 

1 8. The apparatus of claim 17, wherein said mass defect detector means 
5 comprises a plurality of delta/mass tables including a plurality of time delay values, 

said time delay values being such as to cause said capture circuit means to be 
turned on prior to said predetermined times of arrival when said ion peaks 
consistently occur in the first half of said predetermined time window, or to cause 
said capture circuit means to be turned on subsequent to said predetermined times 
10 of arrival when said ion peaks consistently occur in the second half of said 
predetermined time window. 

19. The apparatus of claim 17, wherein said output from said capture 
circuit means represents an analog peak ion signals for ions present within said 
transient. 

15 20. The apparatus of claim 17, wherein said output of said capture circuit 

means comprises an integration of each said ion peak. 

21 . The apparatus of claim 1 7, further comprising second capture circuit 
means responsive to said means for turning on said capture circuit means for 
generating a plurality of second analog output signals representative of intensities of 
20 at least selected portions of selected ones of said ion peaks. 
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22. The apparatus of claim 21 , wherein said means for turning on said 
capture circuit means includes timing means for turning on said second capture 
circuit means and for controlling said capture circuit means and said second capture 
circuit means such that only one is turned on while said ion peaks having even 

5 numbered mass-to-charge ratios are arriving at said capture circuit means and 
second capture circuit means, and the other is only turned on while said ion peaks 
having odd-numbered mass-to-charge ratios are arriving at said capture circuit means 
and said and second capture circuit means. 

23. The apparatus of claim 22, wherein said capture circuit means is 
1 0 turned on only at a first selected one of a plurality of predetermined times of arrival 

of said ion peaks to thereby capture only information relating to the intensity of ions 
having a first predetermined mass-to-charge ratio; and 

wherein said second capture means is turned on only at a selected second 
one of said plurality of predetermined times of arrival of said ion peaks to thereby 
15 capture only information relating to the intensity of ions having a second 
predetermined mass-to-charge ratio. 

24. The apparatus of claim 21 , further comprising second analog-to-digital 
converter means responsive to said second capture circuit means for providing digital 
signals representative of said second analog output signals of said second capture 

20 circuit means. 



WO 95/00236 

PCT/OS94/06892 



15 



-42- 



25. Apparatus for datecflng a iimited number o, ton peaks »«„ a , teas , 
one franelen, to «m. o, %nl mass apacom.^. 5ald apparatus 

Magrafo, maana responaiva t0 fon ^ ^ ^ ^ 

paaks wifnin sa« tra „ si a nl t0 9anarala . ^ o( ^ ^ 
repreaentativ, of the Intensity of aaoh aald ion paak; 

maana for turning on saw ,ma 8 r a ,or maana on* a, expected tlmaa o, 
arnva, o, aaid ton peaks, and on, tor a predefetntined „ ndow ^ 
aald expected ttnes o, ardval su^en, t0 ^ „ ^ , ^ 



ion peaks; and 



20 



anatog,^, convarter m . ans ^ ^ 

aaid totegrafc, maans to, genarattog d, 98 a, otdpu, al9nals „ ^ 
rapresantatlva of aaid intagratad output signals. 

26- T*e apparatus of ctolm 25. turttiar comprising: 

second Integrator, esponsive to sa ,d I on peeksfo, summing 
seiaofad onas o, aaid ion peaks ha .ng saiaotad masa-to-cnarga raaos ,o provtoe a 
Ptoraii* o, aaoond integrated output signals represanta „ ve „, ^ ^ ^ 

said selected ones of said Ion peaks; and 

ntuniplexercomrolmeanstorconfroil^cauaingaaidoutoulaofs.d 
' meSra,0r m d ~ ~* -na ,o be coupied to ead 

analog-fo-digitaconvederm ■..cr l n M „go P era 0 ono,aaid ana , O g.,o^ tal 

confer means such .a, 8aW ^..^ ^ ^ _ 

aald second intagrafed out P ut aignais kom said aacond integrator means into said 
dtgrta, ou*uf signals and said second dig,*, outpu, signals, respe^ 
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27. A method for performing time array detection in time of flight mass 
spectrometry wherein information on each ion peak within each transient is collected 
by a detector only at expected times of arrival of each said ion peak, said method 
comprising the steps of: 

5 a. determining a time of arrival for each said ion peak; and 

b. turning on a detector for receiving said ion peaks Just prior to 
said determined time of arrival of each one of said ion peaks and only for a 
predetermined data collection time window sufficient to allow each one of said ion 
peaks to be detected, in real time, by said detector, and generating a series of 

1 0 analog output signals from said detector representative of the intensities of said ion 
peaks. 

28. The method of claim 27, further comprising the steps of: 

c. generating a plurality of digital signals representative of said 
series of analog output signals; 

15 d. storing said digital signals in an input FIFO buffer; and 

e. processing said digital signals to generate an information file 
that embodies the activity of said detector for said transient. 

29. The method of claim 28, further comprising the steps of: 
repeating steps b through e for a second, successive transient; and 

20 summing said digital signals representative of said ion peaks having 

similar mass-to-charge ratios in a mass mapped registry to produce a mass spectrum 
scan file. 
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30. The method of claim 27, further comprising the steps of: 

monitoring the arrive, of each said ion peak at said detector to 
determine an actual time of arrival of each said ion peak within said transient; 

when said actual arrival times vary from said expected arrival times 
5 accessing a delta/mass table to obtain time delay correction values to be applied in 
turning onsaid detector so as to shtftsaid predetermined data collection time window 
to cause each of said ion peaks to be received completely within said predetermined 
data collection time window. 



31 . The method of claim 30. wherein certain of said time delay correction 
to vaiues cause said defector to he fumed on prior to fhe defended times o, arrive, o, 
said ion peaks when .aid ion peaks consistently occur in me ffrst hatf of said ,, me 
window; and 

wherein certain other of said time delay common values cause said 
defecfor fo be fumed on subsequent to said determined times o, amvat o, said ion 
15 ^^nsaidionpeaKsconsisten.yoccurmmesecondhasofsaid.mev.ndow 
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